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DRILLING SYSTEM 
WITH STATIONARY WORK TABLE 

This application claims the benefit of U.S. Provisional Application 
60/462,231 , filed April 1 1 , 2003, the entire contents of which are incorporated 
herein by this reference. 

BACKGROUND OF THE DISCLOSURE 

[0001] There are two trends in new printed circuit board (PCB) designs. 
The first trend is the result of a continuous need for circuitry miniaturization. 
It requires high concentration of small holes to provide interconnections 
between layers of multi-layer designs. Many of today's high-density PCBs use 
holes in the range of 200 to 350 Microns diameter. However, new designs 
require holes in a 50 to 250 Micron diameter range. New types of multi-layer 
designs are thin (4 to 8 layers) and small in size and are produced on large 
panels in step-and-repeat fashion. A key to efficiently producing these new 
types of boards is in the ability of stacking them high in production without drill 
breakage and degradation of accuracy. 

[0002] The second trend is for utilization of large motherboards, 
characterized by a high layer count, up to 50 layers. The size of these 
motherboard panels is large and relatively thick, e.g. up to 15 mm for some 
exemplary applications. These motherboards present an additional challenge 
to the drilling process because of a very high diameter to depth aspect ratio 
and large volume of copper, which has to be removed from the hole. 
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[0003] Existing drilling machines were not suited for these types of tasks. 
The amplitude of machine vibration can be too large for a reliable, small deep 
hole drilling process. The drilling process has to be slowed down to avoid drill 
breakage and pecking has to be implemented in the case of high diameter to 
depth aspect ratio drilling. This situation erodes productivity of machines and 
increases costs of drilling. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0004] Features and advantages of the disclosure will readily be appreciated 
by persons skilled in the art from the following detailed description when read 
in conjunction with the drawing wherein: 

[0005] FIG. 1 is an isometric view of an embodiment of a drilling system. 
[0006] FIG. 2 is a cut-away side view of the system of FIG. 1 , showing the 
Y-axis drive and T-bar structure in further detail. 

[0007] FIG. 2A is a close-up view, showing details of the X and Y drive. 
[0008] FIG. 2B is a further close-up view, showing details of the X and Y 
drive. 

[0009] FIG. 3 is an isometric view of the Z-axis drive with pressure foot. 
[0010] FIG. 4 is an isometric view, showing details of the X and Y axes 
drives. 

[0011] FIG. 5 is a close-up isometric view, showing details of the T-bar 
structure, spindles and the X-drive. 

[0012] FIG. 6 is a schematic diagram of control elements of the system of 
FIGS. 1-5. 

[001 3] FIG. 7 is a front view of an alternate embodiment of a drilling system. 

[0014] FIG. 8 is a side view of the drilling system of FIG. 8. 

[0015] FIG. 9 is a top view of the drilling system of FIG. 8 

[0016] FIGS. 10A, 10B and 10C are respective front, side and top views of 

a drilling spindle for the system of FIG. 8. 
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[0017] FIG. 1 1 A is a diagrammatic top view of a pressure foot apparatus of 
the system of FIG. 8. FIG. 1 1 B is a cross-sectional view taken along line A-A 
of FIG. 11 A. FIG. 11C is a simplified control diagram illustrating the control 
elements for a low impact pressure foot. 

DETAILED DESCRIPTION OF THE DISCLOSURE 

[0018] In the following detailed description and in the several figures of the 
drawing, like elements are identified with like reference numerals. 
[0019] Objectives of a new drilling system include one or more of the 
following: (I) the creation of a cost-effective solution for drilling of micro vias, 
e.g. in one application, in a 50 to 250 micron range, and high-aspect ratio holes 
in thick motherboards without pecking; (ii) reduction of the cost of drilling small 
and deep holes to provide a competitive edge for the customer; (iii) provide a 
relatively low-cost machine architecture; and (iv) increase drill life. 
[0020] An exemplary embodiment of a drilling system is illustrated in 
FIGS. 1-6. The system includes a stationary table 2 which support the system 
elements. In this exemplary system, there are six stations 62 at which work 
pieces, e.g. a printed circuit board or stack of boards, are placed on backup 
pieces for drilling operations using the drilling spindles 22. This embodiment 
includes an lightweight T-bar structure 60 suspended above the drilled 
material which carries all three axes (X, Y, and Z) to perform the drilling 
function. The T-bar structure comprises a Y-slide or Y carriage 4 attached 
perpendicularly to an lightweight crossbeam 9 through a squaring plate 10 
(FIGS. 2A-2B and 4). The T-bar structure is guided in the Y-direction by two 
linear bearings 3 mounted on the ends of the Y-slide. 

[0021] The crossbeam 9 in an exemplary embodiment is constructed from 
thin-walled round steel tubing 23 inserted into square steel tubing 24 that is 
glued and spot-welded together. The round tubing has a cross-sectional 
configuration which has high strength against torsional forces. The square 
tubing has a configuration which has high strength against bending forces. 
The combination of the two lightweight structural elements has very high 
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strength against torsional forces and bending forces, providing a high strength, 
very stiff structural assembly. In an exemplary embodiment, the tubing element 
23 is fabricated of 0.060 inch thick steel tubing, and tubing element 24 of 
0.078 inch thick steel tubing, although other thicknesses can be employed to 
meet the requirements of a given application. In this exemplary embodiment, 
the round steel tubing 23 is glued in place inside the square tubing 24 by a 
flexible adhesive, e.g. an adhesive marketed by 3M as the PP4G0 adhesive. 
It is desired that the sizes of the tubing structures 23 and 24 be selected so 
that the outer surface of the round tubing 23 is tangent to the inner surface 
of the square tubing 24. In an exemplary embodiment, the round tubing 
has a diameter of six inches, and the square tubing is sized accordingly. 
While preferably, the square tubing is formed of the appropriate size to 
permit the insertion of the round tube into it without cutting the square tube, 
one alternate construction technique is to cut the square tubing longitudinally 
to form two U-shaped structures. The round tubing can be fitted and glued into 
one U-shaped structure, and then the second U-shaped structure fitted and 
glued in place, butting the two U-shaped structures together at two longitudinal 
seams. One seam is located against the X-drive motor surface facing the front 
of the machine, the other seam facing the back. In this orientation, the tube 
walls receiving bending moments due to the Y-axis positioning movements are 
the other, intact tube walls. 

[0022] In this exemplary embodiment, two sets of the round tube and square 
tube assemblies are glued side-by-side and spot-welded to create the 
lightweight beam structure as shown in FIGS. 2A-2B. The squaring plate 10 
is welded to the bottom of this assembly. Two gossets 25 and a compression 
member 26 (FIG. 5) are glued and spot-welded to the back of the crossbeam 
to improve stiffness of the assembly. A vibration reduction plate 27 is attached 
to the top of the crossbeam assembly by an elastomer 28 (FIG. 2B) in order to 
reduce beam vibration during the positioning cycle. Characteristics of the plate 
and the elastomer, e.g. the plate thickness and the hardness and thickness of 
the elastomer, are tuned with the crossbeam mass to raise the natural 
frequency of the crossbeam assembly and dampen vibrations. This results is 
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less stress to the drill bits, and allows the speed of positioning movements to 
be increased. 

[0023] In this exemplary embodiment, voids between the round tubing 23 
and the corners of the square tubing 24 can be filled in with dampening 
material 29, and this provides an acoustic dampening function. An exemplary 
dampening material is marketed as Vibredamp (TM), by Philadelphia Resins, 
although many other materials can be used as well. 

[0024] The laminated construction of the crossbeam, with a structure 
providing high strength against torsional moments laminated to a structure 
which provides high strength against bending moments, provides a structure 
which is very light and very stiff. 

[0025] It will be appreciated that other lightweight, high stiffness crossbeam 
assemblies can alternatively be employed. The crossbeam structure should 
have an improved stiffness-to-weight ratio, in comparison to traditional 
constructions, such as cast iron or steel crossbeams. For example, tubing 
elements constructed of graphite or carbon fiber structures can be employed 
instead of steel tubing. The crossbeam could be constructed of a laminated 
honeycomb structure. Other structures can alternatively be employed. 
[0026] The Z-axes drive elements, including the drilling spindles 22 
mounted to spindle bodies 30, are guided for movement along the X-axis 
by a single X-rail 14 that is attached to the face of the crossbeam 9. The X-rail 
is perpendicular to the Y-carriage 4, which creates the T-bar configuration. 
This architecture simplifies the machine configuration and significantly reduces 
the number of components required for machine functions. The reduction 
of the number of parts can also contribute to overall cost savings. 
Major assemblies normally associated with three axes drilling machines, 
such as the top table, stationary overhead beam and uprights, are not 
employed in the embodiment of FIGS. 1-6. 

[0027] In one exemplary embodiment, lightweight miniature Z-Axis drives 22 
each with a high RPM spindle and low impact pressure foot are employed. 
Reciprocating spindles reduce moving mass. Reciprocating spindles suitable 
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for the purpose are described, for example, in U.S. Patent 6,227,777 B1, 
the entire contents of which are incorporated herein by this reference. 
[0028] In an exemplary embodiment, the architecture of the drilling machine 
can reduce the footprint of the machine. Acceleration feedback systems can 
be employed to reduce jerk during positioning cycles. The architecture 
employs a combined X-Y-Z axes guiding system. 

[0029] A goal for lightweight structures is to improve positioning speed 
without losing positional accuracy and at the same time reduce the vibration 
level of moving components. Lightweight construction in an exemplary 
embodiment can substantially reduce the weight of all three moving axes. 
Because of the reduced weight, the energy required to move a lightweight axis 
is also reduced, e.g. in one exemplary embodiment to 1/7th the energy of 
conventional designs. Of course, other embodiments of a machine may 
provide lesser or greater weight advantages. Therefore, the Shockwave 
induced to the machine structure is substantially smaller, which contributes to 
an increase of machine stability. The cube of machine dynamic stability is 
reduced to provide an improved environment for small and deep hole drilling. 
By using this approach, a machine architecture can be employed where the 
drilled material is stationary, resting on the base table of the machine, and all 
three movement axes are built in to the compound overhead guiding system 
that carries the spindles above the drilled material. 

[0030] The exemplary embodiment of a drilling system illustrated in 
FIGS. 1-6 employs lightweight structures that are characterized by low moving 
mass combined with high stiffness, and are designed for minimized vibrations 
in operating frequencies. Vibration dampening is accomplished by multi-piece 
construction connected to each other through an elastomer 28 and by 
dampener material 29 (FIG. 2B). This type of construction allows dramatic 
changes in machine configuration where the drill material is stationary on the 
base table and the X-Y-Z axes move above it to perform all drilling functions. 
Heavy compound axes would be unstable at drilling machine operating 
speeds. The improved dynamics of the system leads to increased drilling bit 
life as well. 
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[0031] In an exemplary embodiment, the Y-axis carriage 4 moves 
front-to-back and is guided by a single rail 1 attached to the center of the base 
table 2. Two linear bearings 3 are connected to the Y-axis carriage 4 and are 
driven by a lead screw 5 located above the centerline of the guiding rail. 
The lead screw is mounted through preloaded angular contact thrust 
bearings 6 to the base table and is propelled by an A/C servo motor 7. 
Alternatively, linear motors can be used in the X and Y axes, as described 
below with respect to an alternate embodiment. Position feedback is 
provided by a linear scale 8 mounted on the base table parallel to the 
guiding rail. The X-axis carriage in this exemplary embodiment is in the form 
of a lightweight crossbeam 9 coupled to the Y-axis carriage through a squaring 
plate 10. There are two support rails 11, one on each side of the Y rail 1 with 
two bearings 12 on each guiding rail where the bearings are mounted to 
the X crossbeam through flexible in X direction brackets 13. A low profile 
X guiding rail 14 is mounted on the face of the crossbeam. 
[0032] A single ball slide 15 is used to carry each Z-axis assembly on the 
guiding rail 14. There are six ball slides for a six spindle machine. A machine 
can of course include fewer or more spindles. The ball slides are connected 
to each other by L-brackets 16 to increase stiffness of guiding and reduce 
crabbing. All ball slides are propelled by a single lead screw 17 located above 
the slides, in the crossbeam's center of gravity. The X-axis lead screw 17 is 
captured by two pairs of preloaded angular thrust bearings 1 8 attached to the 
lightweight crossbeam 9. The A/C servo motor 19 propels the lead screw to 
provide X-axis motion. Position feedback is provided by a linear scale 20 
mounted parallel to the lead screw on the top of the crossbeam. 
[0033] In this exemplary embodiment, the Y-axis drive is attached through 
the X-axis carriage's center of gravity, in mid-stroke position of the X-axis travel, 
to minimize moments acting on the Y guiding system. It is contemplated, for 
an exemplary preferred embodiment, that the respective drilling stations 62 
will be distributed on either side of the intersection of the Y-axis carriage and 
the X-axis carriage, so that an even number of stations are deployed, one half 
on each side of the intersection point with pairs of the stations spaced at equal 
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distances from the intersection point. This will tend to reduce moments on the 
T-bar structure 60 during positioning cycles. 

[0034] Electrical cables 21 and pneumatic connections are routed through 
cable tracks running from the Z-axis to the X-axis crossbeam and routed from 
it to the overhead compartment of the machine. 

[0035] In an exemplary embodiment, substantial cost savings can be 
realized by the reduced number of components required to create the 
three-axes movement. Only four rails and twelve linear bearings are used to 
create an X-Y-Z guiding system for one exemplary embodiment of a 6-station 
machine in comparison to eighteen rails and thirty-eight linear bearings used 
in some conventional designs. Elimination of the top table, overhead beam 
and uprights as in an exemplary embodiment of the system contributes to 
substantial cost reduction. Machining of the parts can be simpler, therefore, 
cost effective. Also, the amount of material can be reduced to contribute to 
further cost savings. The size of the X and Y lead screws can be smaller in 
comparison to those used in conventional machines due to significant reduction 
of the moving mass. 

[0036] As noted above, a high RPM reciprocating spindle is used in an 
exemplary embodiment to maximize the efficiency of drilling and improve Z 
drive dynamics. An exemplary spindle is described in US Patent 6,227,777 B1 . 
In this reciprocating spindle, the rotor shaft rotates and moves in the Z direction 
on the same set of air bearings. A rotary motor provides rotary motion of the 
spindle rotor, and a linear motor provides axis force to drive the rotor along its 
axis. All wires and pneumatic connections are brought out from the side of 
the reciprocating spindle body and are routed through the cable track 35 
to the X-axis crossbeam. The spindle body is mounted on the X-axis slide 
through the adapter block 36 which also houses a pressure foot assembly 37 
and a drill bit pickup device 38 (FIG. 3). 

[0037] Alternatively, a Z-axis design using non-reciprocating shaft, small high 
RPM conventional spindle with built-in Z axis drive can also be used with this 
machine architecture. 
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[0038] A conventional pressure foot travels ahead of the drill bit with the 

spindle assembly, where two cylinders keep it in the most forward position, 

with full clamping pressure applied to the cylinders. As the spindle travels 

towards the material, the pressure foot impacts it with full clamping force at the 

speed of the Z-axis feed rate, before the drill enters the material. Impact of the 

pressure foot against the drilled material sends shock waves through the Z-axis 

and this situation can be harmful to small hole drilling. In contrast, with the 

low impact pressure foot 37, there is very low pressure behind the cylinders 

keeping the pressure foot in the forward position until the pressure foot 

makes contact with the work piece, e.g. a stack of boards. The contact of 

the pressure foot with the surface of the work piece triggers an increase 

of pressure in the pressure foot cylinders to provide a clamping force. 

This approach eliminates the hammer effect and does not generate shock 

waves, which contributes further to the improvement of machine dynamics. i 

The pressure foot movement is independent of spindle movement and the 

pressure foot pressure is not absorbed by the spindle drive mechanism, 

but rather by the guiding rail. 

[0039] Tool changer magazines 39 are mounted on the base table and, 
in an exemplary embodiment can be a commercially available magazine, 
e.g. a 50 pack magazine. The drills are stationary; therefore, they do not 
add to the weight of the moving components. Every station is equipped with 
a gripper 40 and retrieving mechanism 41 which takes drill bits from the 
magazine and puts them to the gripper to be inserted into the spindle collet. 
The gripper also retrieves drill bits from the spindle and passes them to the 
retrieving mechanism to be placed back in the magazine. 
[0040] FIG. 6 is a schematic diagram of control elements of the system of 
FIGS. 1-5. Control is provided by a CNC controller 102. Controllers suitable 
for the purpose are commercially available. A display monitor and a keyboard 
(generally indicated as 104) are provided to facilitate user interaction. 
The CNC controller provides commands and receives data from the controlled 
elements of the machine. In this embodiment, a power supply 106 provides 
power to the system. A frequency converter 108 provides rotary drive power 
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to the Z axis spindle rotary motors 22B. The control system includes, for the 
X axis, the X-axis drive amplifier 112, the X servo motor 19 and scale 20, and, 
for the Y axis, the Y axis amplifier 120, the Y servo motor 7 and scale 8. 
Each of the six spindles (Z1-Z6) include a rotary motor 22B, a linear motor 22A, 
a Z servo (with velocity and position feedback) and a depth sensor 46. 
The depth sensor can be used to detect the location at which the pressure foot 
sensor is assumed to contact the work piece. Alternatively, a switch or sensor 
can be used to detect contact and actuate a linear actuator to actuate the 
pressure foot. Various types of linear actuators can be employed, e.g. 
pneumatic, variable pressure actuators and solenoids. 
[0041] A second embodiment of the system utilizes linear motors for drive 
in the X and Y axes. This allows an increase in positioning speed and axes 
acceleration which may contribute to a further increase in machine productivity. 
FIGS. 7-1 1 C depict the exemplary second embodiment. FIG. 7 is a front view 
of the system. FIG. 8 is a side view. FIG. 9 is a top view. FIGS. 10A-10C 
illustrates the Z-axis configuration and Figure 1 1 A-1 1 C illustrate features of the 
low impact pressure foot. 

[0042] Following are the primary differences between the embodiment of 
FIGS. 1-6 and that shown in FIGS. 7-1 1C. In the Y-axis, the lead screw 5, 
the thrust bearing 6 and the A/C servo motor 7 of the embodiment of FIGS. 1-6 
are replaced by a linear motor 54. Linear motor systems suitable for the 
purpose are commercially available; by way of example only, linear motors 
marketed by ETEL Motion Technology, as the LMC line of linear motors can be 
utilized. Other linear motors can also be employed. A second guiding rail 1 is 
added on the right side of the Y linear motor 54. In the X-axis, the lead screw 
1 7, thrust bearing 1 8 and A/C servo motor 1 9 are replaced with an X-axis linear 
motor 55. A second guiding rail 14 is added to the X-axis guiding system to 
support the linear motor operation. In addition, a water-cooling system can be 
provided with the linear motors to maintain constant temperature of the 
machine during operation. Linear motors with water-cooling systems are 
commercially available. This exemplary embodiment also reduces the number 
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of spindles from six to four in order to improve drilling accuracy and machine 
dynamics. 

[0043] In the low impact pressure foot 42, the pressure foot does not move 
with the spindle. An independent mechanism 43 is connected to the spindle 
mount 30, and moves the pressure foot 42 up and down relative to the spindle 
mount. The pressure foot 42 is guided on two rods 44 moving in four bushings 
45 on the spindle housing 30. The pressure foot has a sensor 46 mounted in 
the face of it to detect drilled material before contact. At the beginning of the 
drill cycle for a given work piece, the pressure foot is brought down to close 
proximity of the drilling material determined by the sensor 46. The sensor 46 
can be an optical, pneumatic, proximity or other type of sensor. In an 
exemplary embodiment, the pressure foot 42 typically remains in the down 
position until the drilling on the work piece has been completed, and is then 
lifted by mechanism 43. 

[0044] In this exemplary embodiment, the pressure foot has a built-in 
pneumatically actuated clamp 47, which provides the clamping function to the 
work piece material during the drilling cycle. This clamping function can also be 
performed by a solenoid or linear motor. A cylinder 48 utilizing a bladder 49 to 
compensate for a change of angle during the clamping process performs the 
pneumatic actuation. The clamp is very light and is pivoted on a pin 50 in the 
body of the pressure foot; therefore it has very low inertia and minimum travel 
to eliminate the impact during clamping. In an exemplary embodiment, 
the pressure foot assembly 42 is positioned very close to the work piece 
surface, e.g. 0.020 inch or less, by the mechanism 43. The clamp travel is on 
the order of this spacing distance. A high-speed valve 51 is mounted on the 
adapter block 36 and is actuated by the Z-axis stroke signal provided by the 
CNC controller 102. The valve pressures the bladder with air when actuated, 
and releases air from the bladder when the valve is released. This mechanism 
is fast enough to provide the clamping before the drill bit enters the material. 
The clamp is lifted as the drill bit leaves the material after completing the hole, 
at a predetermined time before the end of the Z-axis stroke. 
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[0045] The clamping mechanism, which is mounted in the pressure foot on 
the slider 52, has two positions, forward and retract, controlled by a cylinder 53. 
The forward position is for drilling where the clamp has a small hole opening 
to ensure adequate pressure during the drilling cycle. In the back position, 
the clamp has a large opening to accommodate a tool change. The clamp is 
moved to the retract position during a tool changing operation. 
[0046] A difference between a conventional pressure foot and this 
embodiment of a low impact pressure foot is that the main body of the pressure 
foot 42 is stationary during the drilling operation, and only the clamp element 
47 applies the pressure to the material eliminating the pressure foot impact 
harmful to the drilling process. In this exemplary embodiment, the bladder 
cylinder, which takes time to fill up, accomplishes the process of eliminating 
impact therefore providing a motion without force until the finger rests on the 
drilled material and the pressure in the bladder builds up to the maximum. 
[0047] FIG. 1 1C is a schematic block diagram of the control devices for the 
pressure foot 42. These include the sensor 46, whose signal is provided to the 
CNC controller 102 which uses the sensor signal to control the pressure foot 
Z-axis actuator 43. When it is time to start a drilling sequence on a work piece, 
the CNC controller 102 actuates the actuator 43 to lower the pressure foot 42 
toward the work piece surface. The sensor 46 provides a signal indicating 
that the pressure foot is some predetermined distance above the surface, 
e.g. 0.020 inch or smaller, and the CNC controller signals the actuator 43 
to hold the pressure foot in this operating position. 

[0048] The CNC controller directly or indirectly controls the slider cylinder 52, 
placing the pressure foot in a state for drilling operation or for tool changing. 
[0049] The valve 54 is responsive to a Z-axis stroke signal from the CNC to 
pressurize the bladder cylinder 49 to clamp the clamp finger 47 against the 
work piece, or to relieve the pressure to release the clamp finger. The stroke 
signal occurs to actuate the spindle rotor linear motor to reciprocate the rotor 
through a drilling stroke. The stroke signal occurs at a rapid hit rate, e.g. 
upwards of 800 hits per minute in one exemplary embodiment. The hit rate can 
be lower or higher in a given application. 
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[0050] Possible advantages for exemplary embodiments of the drilling 
system architecture include one or more of the following. 

1 . Improved performance as a result of 

a. Higher drilling rate 

b. Improved machine dynamics 

c. Lower cost of producing boards 

d. Higher yields 

e. Improved accuracy 

f. Increased drill life 

2. Reduced cost of producing the machine. 

3. Common design that can be used for different sizes of machines 
(for example, 2, 4, 6, or 8 stations) 

4. A machine that can be constructed in a slanted configuration to 
reduce footprint and simplify material loading and unloading. 

5. Lower shipping cost due to lighter machine weight. 

[0051] The new machine architecture can be utilized for a variety of drilling 
machine configurations, including for example a two-station very accurate 
machine, and a six-station or even larger station machine. The configurations 
can use common components to simplify production and reduce cost. 
The machine can be built in a slanted configuration to reduce footprint and 
improve ergonomics of material loading. The machine can, for example, 
be oriented with the table in a vertical position, or in an intermediate position 
between the horizontal table position and the vertical position. One suitable 
slanted orientation is with the table at a 35 degree orientation from the vertical. 
[0052] Although the foregoing has been a description and illustration of 
specific embodiments of the invention, various modifications and changes 
thereto can be made by persons skilled in the art without departing from the 
scope and spirit of the invention as defined by the following claims. 



